The increase in low flows (winter discharge and minimum monthly discharge), caused primarily by permafrost degradation, is common in high-latitude permafrost regions, whereas the dynamics of low flows in high-altitude permafrost regions remain largely unknown. Long-term discharge data from 28 unregulated catchments in western China were analysed, and the findings showed that winter discharge/minimum monthly discharge significantly increased (p ≤ 0.1) in 82/82%, 55/64%, and 0/0% of the catchments in the higher-latitude mountain permafrost regions (Tienshan Mountains), mid-latitude mountain permafrost regions (Qilian Mountains), and mid-to lowlatitude plateau permafrost regions (the source regions of the Yangtze and Yellow rivers), respectively. The differences in permafrost type and the distribution of permafrost and alpine cold desert (which is similar to tundra) were found to be the main causes for the different responses in the low flows. The rate of change of low flows (winter discharge and minimum monthly discharge) was negatively and linearly correlated with permafrost coverage when coverage was less than 40% of the catchment area, whereas the low flows changed only slightly when the permafrost coverage exceeded 40%. A significant thickening of the active layer increased the low flows in the lower permafrost-covered catchments, which are dominated by warm permafrost. However, in the higher permafrost-covered catchments with cold permafrost and a cold climate, only an increase in permafrost temperature (without a notable thickening of the active layer) occurred, resulting in non-significant changes in low flows.
Northern Hemisphere (Zhang, Barry, Knowles, Heginbottom, & Brown, 1999) , and its degradation is assumed to greatly affect river discharge by changing the quantity of available water resources, reducing the seasonality of discharge and affecting the magnitude and timing of low flows and floods (Walvoord & Kurylyk, 2016; Wang, Chen, & Yang, 2017; Woo et al., 2008; Ye, Yang, Zhang, & Kane, 2009 ).
During the warm season, the seasonal freezing layer thaws completely and allows the infiltration of liquid water to recharge water previously stored in the soil (Streletskiy et al., 2015; Yamazaki, Kubota, Ohata, Vuglinsky, & Mizuyama, 2006) . Permafrost degradation such as the reduction of permafrost extent and the increase in active layer thickness facilitates liquid water infiltration, and a thickening active layer creates additional groundwater storage and deep pathways for water transport, which subsequently contribute to low flows (Connon et al., 2014; Sjöberg, Frampton, & Lyon, 2013; St. Jacques & Sauchyn, 2009; Walvoord & Striegl, 2007) . During the cold season, river discharge is defined to encompass all subsurface flow due to negligible surface and near-surface run-off under freezing conditions (Connon et al., 2014; Sjöberg et al., 2013; St. Jacques & Sauchyn, 2009; Walvoord & Striegl, 2007) . Therefore, winter discharge and minimum monthly discharge serve as the best proxy for an estimate of low flows, although discharge measurements under ice are subject to underestimation (Walvoord, Voss, & Wellman, 2012) . There is evidence of increasing winter discharge or cold-season minimum monthly discharge in the Yukon River (Walvoord & Striegl, 2007) , in northern Eurasian rivers (Rawlins, Ye, Yang, Shiklomanov, & McDonald, 2009; Smith, Pavelsky, MacDonald, Shiklomanov, & Lammers, 2007) , in the Northwest Territories, Canada (St. Jacques & Sauchyn, 2009) , in the Lena River, Russia , and in the entire pan-Arctic region (Rennermalm, Wood, & Troy, 2010) . Model simulations have also suggested that under climate warming, groundwater discharge will greatly increase due to permafrost degradation (Bense, Ferguson, & Kooi, 2009; Evans, Ge, & Liang, 2015; Ge, McKenzie, Voss, & Wu, 2011; Wellman, Voss, & Walvoord, 2013) .
Although considerable progress has been made in improving our understanding of permafrost hydrology over the past few decades, most studies have focused on catchments located in high-latitude permafrost regions such as the arctic and subarctic. China accounts for approximately 74.5% of the high-altitude permafrost area in the Northern Hemisphere (Cheng, 1984; Gao, Zhang, Cao, Kang, & Sillanpää, 2016) , and these areas are mainly located in the cold regions of western China, including the Qinghai-Tibetan Plateau (QTP) and the Tienshan and Altai Mountains (Zhou, Guo, Qiu, Cheng, & Li, 2000) . Compared with the high-latitude permafrost regions, the ground ice content is lower in western China, where ice segregation, ground heave and subsidence, and related periglacial landforms are not common (Yang, Nelson, Shiklomanov, Guo, & Wan, 2010) . At the same time, in high-altitude permafrost regions, the rate of permafrost thawing is expected to be greater (Guo & Wang, 2016; McClymont, Hayashi, Bentley, & Christensen, 2013) , and permafrost hydrogeological environments are particularly vulnerable to climate change (Cheng & Jin, 2013) . Widespread permafrost degradation has been frequently detected in western China (Cheng & Jin, 2013; Jin, Li, Cheng, Wang, & Li, 2000; Li et al., 2008; Wu & Zhang, 2010) , which is expected to manifest effects on the hydrological regime that are different from those in high-latitude permafrost regions. Although increased winter discharge has been detected sporadically in selected catchments of western China, including the Lasa River on the QTP FIGURE 1 Location of 28 catchments analysed in this study: Tienshan Mountains (A), Qilian Mountains (B), and source regions of the Yangtze and Yellow rivers (C). Codes (1-28) of discharge station/catchment (Table 2) were sorted in increasing order by permafrost coverage per A, B, and C. Figure  background represents permafrost distribution (Li et al., 2008 ) (Gong, Liu, & Liu, 2006) , the Manas River in the Tienshan Mountains (Liu, Wei, & Huang, 2006) , the Keliya River in the Kunlun Mountains (Huang, Liu, Shang, Ding, & Liu, 2008) , the Siberia and Burkin rivers in the Altai Mountains (Liu, Wang, & Huang, 2007) , and the upper Heihe and Shule rivers in the Qilian Mountains (Niu, Ye, Li, & Sheng, 2011) , a systematic comparative analysis is lacking, and the impacts of climate warming on the hydrological regime of high-altitude permafrost regions remain poorly understood.
For the first time, we attempt to systematically estimate and compare changes in the low flows of 28 high-altitude permafrost catchments in western China. The objectives of this study are to (a) estimate the change in low flows (winter discharge and minimum monthly discharge) in the 28 unregulated catchments over the past 50 years and (b) establish a link between permafrost degradation and changes in the hydrological regime by assessing the relationship between changes in low flows and permafrost coverage for 28 catchments in western China. Located at the north-eastern edge of the QTP, the Qilian Mountains extend 850 km from north-west to south-east and 200-300 km from south to north (Figure 1 ). The elevation varies considerably and ranges from less than 2,000 m to more than 5,000 m, with most peaks exceeding 4,000 m. The lower limit of permafrost is 3,500-3,900 m, and the thickness of the permafrost varies from 5 to 140 m (Table 1 ). The air temperature varies along an altitudinal gradient (0.58°C/100 m), and annual precipitation decreases from more than 600 mm in the east to less than 100 mm in the west.
Located in the QTP hinterland, the average elevation of the source regions of the Yangtze and Yellow rivers is above 4,000 m (Wang et al., 2017) . The source region of the Yellow River is the upstream catchment above the Tangnag discharge station, covering an area of 12.2 × 10 4 km 2 , whereas the source region of the Yangtze River is the upstream catchment above the Zhimenda discharge station, covering an area of 13.7 × 10 4 km 2 ( Figure 1 and Table 2 ). The lower limit of the permafrost is 4,150-4,700 m, and the thickness of the permafrost varies from 60 to 130 m in these areas (Table 1 ). The air temperature of the permafrost region is below −5°C, and the annual precipitation decreases from 550 mm in the east to 270 mm in the west.
The Tienshan Mountains are situated in the Eurasian hinterland.
The mountain range stretches 2,500 km from western Kyzylkum in Uzbekistan across Kazakhstan and Kyrgyzstan and finally to the eastern side of Hami in China. The widely distributed permafrost is regarded as highly important to the water supply of these arid regions (Chen, Li, Deng, Fang, & Zhi, 2016) . The mid-latitude westerlies that dominate the existing climate of the Tienshan Mountains serve as the main source of precipitation, whereas the Siberian High pressure system brings cold winter temperatures to the region (Cheng, Zhang, et al., 2012) . The lower limit of the permafrost in the Tienshan Mountains is 2,700-3,100 m, which is considerably lower than in the Qilian
Mountains and in the source regions of the Yangtze and Yellow rivers.
The thickness of the permafrost varies from 16 to 200 m (Table 1) .
| Data and methods
The catchment boundaries and drainage areas for 28 catchments were The catchment permafrost coverage was derived from the altitude model (Cheng, 1984) . In the high-altitude permafrost regions of China, Cheng and Wang (1982) used the three-dimensional spatial features of vertical, latitudinal, and aridity zonation to describe the distribution of high-altitude permafrost. The altitude model was obtained by fitting the relationship between the lower limit of high-altitude permafrost and geographical latitude in the Northern Hemisphere.
Compared with the observational data from the Northern Hemisphere, the simulation results proved to be a relatively good fit (Cheng, 1984; Cheng & Wang, 1982) and also had a relatively high simulation accuracy on the QTP (Wu, Li, & Li, 2000) . This model has Note. Basic data of permafrost characteristics in western China were derived from Zhou et al. (2000) . a Alpine cold desert is similar to tundra but with some particular differences. In alpine cold desert, soil layer is very thin with low organic matter content; the underlying surface is dominated by exposed bedrock, talus, and moraine deposits; the cold vegetation is sporadic; and the terrain is steep (Chen & Han, 2010; Han, 2010) .
been widely used to estimate the permafrost distribution in highaltitude regions of western China (Cheng, Zhao, et al., 2012; Jin et al., 2000; Niu et al., 2011; Wang et al., 2017) . The formula for the altitude model is as follows:
where H is the lower limit of high-altitude permafrost (m) and φ is the geographical latitude (°).
On the basis of the altitude model, the digital elevation model (SRTM) data were used to calculate the lower limit of the permafrost for each grid. For the same grid, the altitude of the grid was compared with the lower limit of the permafrost to determine whether there was permafrost on the grid.
The monthly discharge data in this study were obtained from the local hydrology bureau. Most of these data began in 1960 and included complete records that spanned more than 33 years, except for the Fengle discharge station (18), which had only 24 years of recorded data (Table 2) . To ensure consistency with previous work, all of the flows during winter discharge (December-February) were assumed to derive from subsurface flows (St. Jacques & Sauchyn, 2009; Walvoord & Striegl, 2007) . However, this assumption was made with caution because the exact source of winter discharge could not be fully ascertained. To minimize the impact of residual autumn flows, the minimum monthly discharge (from November to February) was also determined for each catchment. For simplicity, the winter discharge (December-February) and minimum monthly discharge were defined as low flows in this study. Low flow contribution was not considered in this study because the annual discharge is strongly affected by surface hydrological processes such as rainfall, evapotranspiration, glacier ablation, and snowmelt. The non-parametric Mann-Kendall test, a popular method for hydrological studies (Déry & Wood, 2005; Rennermalm et al., 2010; St. Jacques & Sauchyn, 2009; Walvoord & Striegl, 2007) because of its robust time-series estimations, was used to determine the change trends of low flows in this study. The average rate of change (%/year) of the low flows was derived from the Kendall-Theil robust line (Connon et al., 2014; St. Jacques & Sauchyn, 2009; Walvoord & Striegl, 2007) , which is not strongly affected by outliers (Helsel & Hirsch, 2002) . The slope of the Kendall-Theil robust line was calculated as the median of all possible slopes computed from each data pair, and the Conover intercept estimate was used due to its robustness, efficiency, and ease of calculation (Helsel & Hirsch, 2002) .
3 | RESULTS
| Changes in low flows
In this study, winter discharge (Q win ) exhibited an increasing trend in 21 of the 28 catchments (Table 2 and Figure 2 ). Of these 21 catchments, 14 were significant at the p ≤ 0.05 level, 12 of which were significant at the p ≤ 0.01 level. In the Tienshan Mountains (covered by higher-latitude mountain permafrost), 8 of the 11 catchments (73%) showed increasing winter discharge at the p ≤ 0.05 level, 6
of which were significant at the p ≤ 0.01 level. In the Qilian Mountains (covered by mid-latitude mountain permafrost), 6 of the 11 catchments (55%) showed increasing winter discharge at the p ≤ 0.05 level. However, none of the six catchments in the source regions of the Yangtze and Yellow rivers, which are mainly covered by plateau permafrost, showed significant increasing trends (Table 2 and Figure 2 ).
For the minimum monthly discharge (Q min ), increasing trends were found in 22 of the 28 catchments (Table 2 and Figure 2 ). Of these 22 catchments, 16 were significant at the p ≤ 0.05 level, including 15 that were significant at the p ≤ 0.01 level. In the Tienshan Mountains (covered by higher-latitude mountain permafrost), 9 of the 11 catchments (82%) showed an increasing minimum monthly discharge at the p ≤ 0.05 level, including 6 (55%) that showed an increasing trend at the p ≤ 0.01 level. In the Qilian Mountains (covered by mid-latitude mountain permafrost), 6 of the 11 catchments (55%) showed an increasing minimum monthly discharge at the p ≤ 0.01 level.
However, none of the six catchments in the source regions of the Yangtze and Yellow rivers, which are mainly covered by plateau permafrost, showed a significant increasing trend (Table 2 and Figure 2 ).
Regional differences in the trend of low flows are prominent in western China (Figure 2 ). For winter discharge, 82%, 55%, and 0% of the catchments showed significant increasing trends (p ≤ 0.1) in the higher-latitude mountain regions (Tienshan Mountains), mid-latitude mountain regions (Qilian Mountains), and mid-to low-latitude plateau regions (the source regions of the Yangtze and Yellow rivers), respectively. Similar results were found for minimum monthly discharge, in which 82%, 64%, and 0% of the catchments showed significant increasing trends (p ≤ 0.1) in the higher-latitude mountain regions, mid-latitude mountain regions, and mid-to low-latitude plateau regions, respectively. Overall, the response of low flows to permafrost degradation was most prominent in the higher-latitude mountain regions (i.e., the Tienshan Mountains), whereas no obvious response was observed in the mid-to low-latitude plateau regions (i.e., the source regions of the Yangtze and Yellow rivers).
| Relation between the rate of change in low flows and permafrost coverage
The magnitude of the increase in winter discharge varied widely across different catchments, ranging from 0.08%/year to 16.33%/year (Table 2) , and a significant negative correlation between the rate of change in winter discharge and coverage of permafrost (r = 0.56, p ≤ 0.05) was found for the 28 catchments in western China (Figure 3a) . Similarly, a significant negative correlation between the rate of change in the minimum monthly discharge and coverage of permafrost (r = 0.62, p ≤ 0.01) was found for the 28 catchments ( Figure 3b ). As shown in Figure 3 , the rate of change in low flows was very low when the permafrost coverage exceeded 40% of the catchment area, but low flows increased significantly when the permafrost coverage was less than 40%.
FIGURE 2 Spatial distribution of change trends in (a) winter discharge and (b) minimum monthly discharge of 28 catchments in western China. Catchments with increasing/decreasing trends are further differentiated as significant (green/red solid circle) and non-significant (green/red solid circle with a point, also denoted non-significant [NS] in the figure legend) at p ≤ 0.1. See Table 2 for catchment information
| Changes in low flows on a regional scale
Compared with the high-latitude permafrost regions, the rate of thawing in high-altitude permafrost regions is expected to be greater (Guo & Wang, 2016; McClymont et al., 2013) , and these permafrost hydrogeological environments are particularly vulnerable to climate change (Cheng & Jin, 2013) . Therefore, changes in the hydrological regime are likely to be considerable in western China. However, applying estimation methods similar to those of Walvoord and Striegl The differences in changes of low flows in western China on a regional scale were mainly caused by differences in permafrost type and the distributions of permafrost and alpine cold desert (Table 1 and Figure 4 ). In the mid-latitude mountain regions (i.e., the Qilian Mountains), the lower limit of alpine cold desert was approximately 3,600-3,700 m, and the lower limit of permafrost was approximately 3,500-3,900 m (Table 1) . In other words, the alpine cold desert was widely distributed within the permafrost regions of the Qilian Mountains. In these areas, the soil layer of alpine cold desert is very thin with low organic matter content; the underlying surface is dominated by exposed bedrock, talus, and moraine deposits; the cold vegetation is sporadic; and the terrain is steep (Chen & Han, 2010; Han, 2010) .
Under the conditions of rainfall and snow melt, the run-off generation in the alpine cold region is very rapid, and the river is supplied mainly by surface run-off and fast-moving soil flows. For example, the monitoring results of a typical alpine cold desert watershed in the Qilian
Mountains showed that the run-off coefficient in summer is approximately 0.72 (Han, Chen, Liu, Yang, & Liu, 2013) . Under permafrost degradation, the changes in groundwater storage capacity are slight FIGURE 3 Relation (a) between coverage of permafrost and change rate of winter discharge and (b) between coverage of permafrost and change rate of minimum monthly discharge in the 28 catchments in western China. The red dot denotes catchment in which the trend of low flows is nonsignificant at p ≤ 0.1. See Table 2 for catchment information FIGURE 4 (a) Landscape and (b) distribution of alpine cold desert in western China because of the widespread distribution of alpine cold desert in permafrost regions, which results in less supply for low flows.
In the higher-latitude mountain regions (i.e., the Tienshan Mountains), the lower limit of the permafrost (approximately 2,700-3,100 m) was significantly lower than in the alpine cold desert (approximately 3,400-3,800 m; Table 1 ). In other words, the proportion of the alpine cold desert was relatively low in the permafrost regions of the Tienshan Mountains. Furthermore, the terrain in the permafrost regions below the alpine cold desert is relatively gentle (the average slope between 2,700 m and 3,500 m a.s.l. is approximately 6°), a feature that facilitates the storage of groundwater. Under climate warming, the thickening of the active layer can enhance groundwater storage capacity. Subsequently, the additional groundwater storage and deep pathways facilitate water transport, which leads to a considerable increase in low flows.
In the mid-to low-latitude plateau regions (i.e., the source regions of the Yangtze and Yellow rivers), the dominant type of permafrost is plateau permafrost (Figure 1 and Table 1) , and the continuity of the permafrost distribution is relatively high. Under climate warming, the thickness of the active layer may increase slowly due to a relatively cold environment with a mean annual temperature below −5°C in the permafrost regions (see Section 4.2). Meanwhile, due to the relatively flat topography and high permafrost continuity, the deep soil flows may be very small, and infiltration is more involved in vertical moisture exchange. This condition may lead to the non-significant changes in the low flows observed under permafrost degradation.
| Changes in low flows caused by cold or warm permafrost
As shown in Figure 3 , the rate of change of low flows is very low when the permafrost coverage exceeds 40% of the catchment area, but the low flows increase significantly when the coverage is less than 40%.
This finding can be attributed to the different responses of cold and warm permafrost to climate warming.
On the basis of a numerical simulation on the QTP, Wu, Sheng, Wu, and Wen (2010) divided the process of permafrost degradation into five stages: initial, rising temperature, zero thermal gradient, talic layer, and disappearing ( Figure 5 and Table 3 ). The thickness of the permafrost changes only slightly before the rising temperature propagates to the bottom of the permafrost due to the initial cold climate (curves 1-3 in Figure 5 ). When the rising temperature propagates to the bottom, the permafrost thickness begins to decrease (curves 4-7 in A significant increase in the active layer thickness will lead to a clear increase in low flows (Ge et al., 2011; Wellman et al., 2013 ).
In the high-altitude permafrost regions, catchments with higher permafrost coverage usually correspond to a higher altitude and colder permafrost environment, and these catchments are dominated by cold permafrost. Global warming did not cause a significant thickening of the active layer when the permafrost coverage exceeded 40% of the catchment area, a condition that might have been responsible for the non-significant change in low flows under permafrost degradation. The active layer thickness increased significantly due to global warming when the permafrost coverage was less than 40% of the catchment area, and this condition resulted in the significant increase in low flows.
However, Ye et al. (2009) found that the hydrological regime in the Lena River (Russia) changed significantly when the permafrost coverage exceeded 40% of the catchment area, which differs from our findings in the high-altitude permafrost region. This difference may be attributed to the different ground ice content, which is FIGURE 5 Ground temperature profile during permafrost degradation in linearly rising temperature mode on the QinghaiTibetan Plateau (modified from significantly higher in high-latitude permafrost regions than in highaltitude regions (such as the cold regions of western China; Brown, Ferrians, Heginbottom, & Melnikov, 1998) . Under permafrost degradation, the ground ice will melt and release water to recharge the river run-off. This recharge effect should be more obvious in the higher permafrost coverage catchment in high-latitude permafrost regions.
However, due to notable differences in climate, hydrogeological environments, and underlying surface types, the exact reasons for the different responses in the hydrological regimes of high-latitude and high-altitude regions require a more detailed analysis.
| CONCLUSIONS
Under permafrost degradation, a regional difference in the change trend of low flows (winter discharge and minimum monthly discharge)
is apparent in high-altitude permafrost catchments in western China.
The response of low flows to permafrost degradation is most noticeable in the higher-latitude mountain regions (i.e., the Tienshan Mountains), whereas no obvious change is observed in the mid-to low-latitude plateau regions (i.e., the source regions of the Yangtze 
FIGURE 6
Relation between change rate of active layer thickness and permafrost temperature at 6.0-m depth from 10 monitoring sites along the (a) Qinghai-Tibetan Highway (modified from Wu & Zhang, 2010) and at 10-to 20-m depth from 102 monitoring sites in the (b) Northern Hemisphere (modified from Ding & Xiao, 2018) 
